INTRODUCTION {#s1}
============

Diarrhea is the second largest cause of mortality worldwide among all infectious disorders in children younger than 5 years ([@B1]). Group A rotaviruses (RVAs), members of the genus *Rotavirus* within the family *Reoviridae*, are the single most important cause of severe diarrheal illness in infants and young children in both developed and developing countries worldwide ([@B2], [@B3]). In humans, RVAs are estimated to cause 200,000 deaths per year in children under the age of 5 years, mostly in developing countries ([@B4]). RVAs are also important veterinary pathogens in a wide variety of young animals, including cattle, pigs, sheep, and poultry ([@B3]). The mature RVA virion, a triple-layered particle, contains 11 segments of the double-stranded RNA genomes which encode six structural (VP1 to VP4, VP6, and VP7) and six nonstructural (NSP1 to NSP6) proteins ([@B2]). The unique segmented nature of RVA genomes can result in reassortment events between different viruses during coinfection of a single host and can induce the formation of progeny viruses with novel or atypical phenotypes.

The outermost layer of the RVA particles consists of two proteins, VP4 and VP7. The VP4 protein is cleaved into VP8\* and VP5\* by a protease, both of which are essential for the virus to host-cell entry ([@B5][@B6][@B7]). The VP7 protein functions at the postattachment step, interacting with integrins and heat shock cognate proteins on the cell surface ([@B5], [@B7]). The VP4 and VP7 proteins independently elicit neutralizing antibodies, which induce protective immunity; these proteins are used to classify the RVA strains into G (for glycoprotein, VP7) and P (for protease-sensitive, VP4) serotypes and genotypes ([@B2], [@B6]). To date, 35 G and 50 P genotypes have been ratified by the Rotavirus Classification Working Group (<https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg>), with various combinations of G and P genotypes identified in humans and animals from different countries ([@B8][@B9][@B12]).

RVAs enter cells using a complex multistep process, in which the first interaction of the virus with the cell surface carbohydrate moieties is mediated by the VP8\* domain of the outer capsid protein VP4 ([@B5], [@B7]). The VP8\* domain of some animal RVAs has been shown to require *N*-acetylneuraminic acid (also termed sialic acid \[SA\]), found in complex glycans on cell membrane glycoproteins or glycolipids, as demonstrated by dramatically reduced infectivity following neuraminidase (NA) pretreatment of cells ([@B5], [@B7], [@B13]). These strains have consequently been classified as NA sensitive ([@B5], [@B7], [@B13]). In contrast, the infectivity of many animal and most human RVA strains is much less affected by NA pretreatment of cells; these have consequently been classified as NA insensitive ([@B5], [@B7], [@B14], [@B15]). Internal SAs within oligosaccharide structures are less sensitive or even insensitive to NA, and therefore some NA-insensitive strains have been shown to bind to the internal SAs of glycolipids, such as the GM1a ganglioside ([@B16], [@B17]).

Human histo-blood group antigens (HBGAs), found on the surface of epithelial cells and in mucosal secretions, are binding partners of VP8\* domains of a number of NA-insensitive human RVA strains ([@B18][@B19][@B22]). Based on their VP8\* sequences, RVAs have been assigned to five P genogroups (P\[I\] to P\[V\]), of which viruses in P\[I\], P\[IV\], and P\[V\] genogroups mainly infect animals, P\[II\] genogroup viruses infect humans, and the P\[III\] genogroup viruses infect both animals and humans ([@B21]). Some SA-sensitive animals strains (P\[1\], P\[2\], P\[3\], and P\[7\]) form a subcluster within P\[I\], while all three major P genotypes of human RVAs (P\[4\], P\[6\], and P\[8\]) are clustered in the P\[II\] genogroup ([@B21]) and have been found to interact with type 1 precursor, H type 1, or Lewis^b^ HBGAs ([@B18], [@B21], [@B23]). Interestingly, P\[9\], P\[14\], and P\[25\] genotypes within the P\[III\] genogroup, which are rarely found in human infections, recognize A type HBGA ([@B18], [@B20], [@B21]) and also bind to the A antigens of porcine and bovine mucins, suggesting that the A antigen may mediate cross-species RVA transmission ([@B21]). These findings indicate that the interaction between P genotypes and cell surface carbohydrate moieties (terminal or internal SAs and HBGAs) shows strain specificity that appears to be genetically related ([@B18], [@B20], [@B21]). In addition, the naturally occurring bovine-human neonatal reassortant RVA strain, G10P\[11\], belongs to the P\[IV\] genogroup and binds to the H type-2 precursor HBGA and repeated lactosamine sequences, which are expressed in young humans and animals ([@B24]), thus supporting the potential for zoonotic RVA transmission ([@B21]).

Two human vaccines, Rotarix and RotaTeq, have been licensed and are used for the prevention of RVAs worldwide ([@B2], [@B25]). Rotarix is a monovalent live-attenuated vaccine generated by multiple tissue culture passages of human RVA G1P\[8\] strain 89-12. The RotaTeq vaccine contains five human-bovine reassortant RVAs, consisting of a bovine (WC3) backbone, with human RVA surface proteins representative of the most common G (G1 to G4) or P (P1A\[8\]) genotypes worldwide ([@B2], [@B25]). Although the WC3 strain is reported to be NA insensitive ([@B15]) and belongs to the P\[1\] genogroup ([@B21]), it is unknown whether its VP8\* domain binds to SAs or HBGAs. The objective of this study was therefore to determine which carbohydrate moieties could be recognized by the VP8\* domains of both the bovine G6P\[5\] WC3 strain and the human-bovine reassortant G4P\[5\] strain. We found that these two P\[5\]-bearing strains utilized both α2,6-linked SAs and αGal HBGA as ligands. Moreover, human intestinal enteroids (HIEs), which express neither α2,6-linked SAs nor αGal HBGA, allowed the replication of both bovine G6P\[5\] WC3 and human-bovine mono-reassortant G4P\[5\] strains. This suggests that the four P\[5\]-bearing strains in the RotaTeq vaccine may be able to initiate infection in humans through other receptors, while the bovine G6P\[5\] WC3 strain has the potential for zoonotic transmission.

RESULTS {#s2}
=======

HBGA binding assay showed that P\[5\]-bearing strains use the αGal HBGA as a ligand. {#s2.1}
------------------------------------------------------------------------------------

A bovine-human mono-reassortant G4P\[5\] strain, carrying a human G4 gene in the genetic background of the bovine WC3 RVA strain, is currently used as one component of the pentavalent RVA vaccine, RotaTeq ([@B25]). Prior to identifying their ligand(s), the VP8\* domains from the current G6P\[5\] WC3 strain and G4P\[5\] RotaTeq vaccine strain being used as one component of RotaTeq vaccine were amplified and sequenced, and then their nucleotide and deduced amino acid sequences were compared. As shown in [Fig. 1A](#F1){ref-type="fig"}, the sequences from both strains used in this study were 696 nucleotides long, encoding 231 amino acid residues. We then compared the nucleotide and deduced amino acid sequences of the VP8\* domain from the WC3 and RotaTeq strains with those of the original WC3 and G4P\[5\] RotaTeq strains deposited in the GenBank database. The results showed that 31 nucleotide substitutions were detected between the current WC3 and original GenBank database-deposited WC3 strains without any amino acid substitution ([Fig. 1A](#F1){ref-type="fig"}). Compared to the original GenBank-deposited RotaTeq vaccine strain, the current G4P\[5\] RotaTeq vaccine strain had five nucleotide substitutions without causing amino acid substitutions ([Fig. 1A](#F1){ref-type="fig"}). However, there was one amino acid substitution between G6P\[5\] WC3 and mono-reassortant RotaTeq G4P\[5\] strains at amino acid 193 (N193K) ([Fig. 1A](#F1){ref-type="fig"}). This amino acid substitution was within the hemagglutination domain, but outside the known receptor-binding sites of P\[I\], P\[II\], P\[III\], and P\[IV\] ([@B19], [@B26], [@B27]), indicating that VP8\* domains of both strains use the same receptor. Phylogenetic analysis of the deduced amino acid sequences also showed that both strains were closely related to each other and belonged to the P\[I\] genogroup, as reported previously ([Fig. 1B](#F1){ref-type="fig"}) ([@B21]).

![Full-length VP8\* amino acid sequence and phylogenetic analyses. (A) Structural features of the VP8\* domain of the spike protein VP4 shows the VP8\* (left) and VP5\* (right) domains with trypsin cleavage sites. The VP8\* domains of the original GenBank-deposited WC3 (G6P\[5\] WC3 marked by a superscript 1) and RotaTeq (G4P\[5\] RotaTeq marked by a superscript 3) strains, and G6P\[5\] (marked by a superscript 2) and G4P\[5\] RotaTeq (marked by a superscript 4) strains used in this study, and control G3P\[3\] RRV and G8P\[14\] HAL1166 strains were 231 amino acids in length. The VP8\* hemagglutination (HA) domain (amino acids 93 to 208) is shown in the schematic diagram. In the multiple sequence alignment, the amino acids at the sialic acid (SA) binding site of P\[I\] strains (see panel B) are marked with red asterisks (amino acids 101, 144, 146, 155, and 187 to 190). Amino acids at the blood group A binding site of P\[III\] strains are marked with blue asterisks (amino acids 101 and 187 to 190). The information regarding the SA and HBGA binding sites is from Isa et al. ([@B26]) and Hu et al. ([@B27]). The full-length VP8\* amino acid sequences of the bovine G6P\[5\] WC3 strain and bovine-human mono-reassortant G4P\[5\] strain used in this study show only one amino acid substitution at residue 193 (N193K). (B) Phylogenetic analysis of the full-length VP8\* amino acid sequence was performed using the neighbor-joining method. Note that the VP8\* domain of both strains used in this study belongs to the P\[I\] genogroup, which is closely related to the GenBank-registered WC3 strain. Sequence information for the 71 selected strains is shown in the order of GenBank accession number, strain name, and P genotype. Calibration bar indicates the nucleotide substitutions per site.](JVI.00941-19-f0001){#F1}

To examine whether amino acid changes of VP7 proteins between the current G6P\[5\] WC3 and GenBank database-deposited WC3 strains and current G4P\[5\] and GenBank database-deposited G4P\[5\] strains may influence the NA sensitivity of VP8\* domain, their coding regions were amplified and sequenced, and then their nucleotide and deduced amino acid sequences were compared to those of GenBank database-deposited strains. Both strains used in this study were 1,062 nucleotides in length, encoding 326 amino acid residues, which were identical to those of their original GenBank database-deposited strains ([Fig. 2](#F2){ref-type="fig"}). Comparison of nucleotide and deduced amino acid sequences of VP7 gene between the current WC3 and original GenBank database-deposited WC3 strains showed that 15 nucleotide substitutions were detected, resulting in three amino acid substitutions at amino acids 192 (N192T), 295 (C296V), and 310 (V310M) ([Fig. 2](#F2){ref-type="fig"}). In addition, even four nucleotide substitutions in VP7 genes were observed between the current and GenBank database-deposited G4P\[5\] RotaTeq vaccine strains, they were all silent mutations ([Fig. 2](#F2){ref-type="fig"}).

![Full-length VP7 amino acid sequence. The VP7 amino acids of the original GenBank-deposited WC3 (G6P\[5\] WC3 marked by a superscript 1) and RotaTeq (G4P\[5\] RotaTeq marked by a superscript 3) strains, and G6P\[5\] (marked by a superscript 2) and G4P\[5\] RotaTeq (marked by a superscript 4) strains used in this study were 326 amino acids in length. Comparison of deduced amino acid sequences of VP7 gene between the current WC3 and original GenBank database-deposited WC3 strains showed that three amino acid substitutions were found at amino acids 192 (N192T), 295 (C296V), and 310 (V310M). The full-length VP7 amino acid sequences of both current and original GenBank database-deposited G4P\[5\] strains were identical.](JVI.00941-19-f0002){#F2}

A synthetic HBGA binding assay was then performed using the VP8\* domains of both strains. The results showed strong binding of VP8\* domains to the synthetic αGal HBGA ([Fig. 3A](#F3){ref-type="fig"}). To confirm the specific binding of both P\[5\]-bearing strains to the αGal epitope, we examined whether the removal of αGal epitope from the synthetic Galα3Galβ4GlcNAcβ HBGA by pretreatment with α-galactosidase (GLA) was able to reduce the binding of both strains. Pretreatment with GLA reduced the binding of both VP8\* domains to synthetic Galα3Galβ4GlcNAcβ HBGA ([Fig. 3B](#F3){ref-type="fig"}).

![Binding of the recombinant VP8\* domain of bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] strains to synthetic histo-blood group antigens (HBGAs) and CHO cells after GGTA1 transfection. (A) The binding abilities of the recombinant GST- VP8\* domains corresponding to P\[5\], P\[1\], P\[3\], and P\[25\] RVA strains and the GST-P domain of human norovirus strain VA387 (GII.4) were determined using horseradish peroxidase (HRP)-conjugated streptavidin. HBGA binding was visualized using TMB, which was measured at 450 nm in three independent experiments. Error bars represent means ± the standard deviations (SD). (B) The αGal epitope was removed from the synthetic Galα3Galβ4GlcNAcβ HBGA using α-galactosidase. The binding specificity to the VP8\* domain of the bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] strains and to P particles of the human norovirus VA387 strain was determined using an HBGA binding assay. (C) Mock-transfected parent CHO cells or GGTA1-transfected CHO cells were coincubated with FITC-conjugated anti-αGal MAb and AF594-labeled VP8\* proteins of either G6P\[5\] WC3 or G4P\[5\] RotaTeq vaccine strains. No labeling was visible on mock-transfected CHO cells that lack αGal, while both VP8\* and the anti-αGal antibodies stained the GGTA1-transfected cells. The VP8\* and the MAb labeling did not overlap, likely due to competition for the same ligand. Nuclei were stained with DAPI. Scale bars, 20 μm.](JVI.00941-19-f0003){#F3}

CHO cells, which are devoid of the αGal epitope, were transfected with a sequence encoding α1,3-galactosyltransferase (GGTA1), the enzyme responsible for the synthesis of the αGal epitope ([Fig. 3C](#F3){ref-type="fig"}). CHO cells expressing the αGal epitope allowed binding of the two P\[5\] VP8\* protein, thus confirming that G6P\[5\] WC3 and reassortant G4P\[5\] strains recognize the αGal epitope of HBGA ([Fig. 3C](#F3){ref-type="fig"}). However, both parent and GGTA1-transfectant CHO cells failed to allow the replication of either strains (data not shown), suggesting that expression of αGal epitope is not sufficient to establish virus replication and that other receptors and/or intracellular factors are required.

Salivary binding assay confirmed that P\[5\]-bearing strains used the αGal HBGA as a ligand. {#s2.2}
--------------------------------------------------------------------------------------------

The αGal epitope is present on the cell surface and in secretions, including the saliva of pigs and cows, but it is completely absent in humans ([@B28], [@B29]). We determined and then sorted the αGal signals of individual saliva samples, and tested binding activity of the GST-VP8\* domains on a panel of human, bovine, and porcine saliva samples arranged from low to high signals of αGal HBGA. The binding activity of VP8\* domains from both strains paralleled the binding of the anti-αGal epitope in the cow and pig saliva samples; however, the binding of the VP8\* domains to human saliva samples was very low ([Fig. 4A](#F4){ref-type="fig"}). As a positive control, the P domain of the norovirus (NV) VA387 strain (GII.4) reacted strongly with human saliva samples from individuals A and B, demonstrating binding specificity ([Fig. 4B](#F4){ref-type="fig"}). In addition, the binding activity of the VP8\* domains from both strains showed no correlation with the level of Lewis^y^, H, or A HBGAs in the bovine, porcine, and human saliva samples ([Fig. 5](#F5){ref-type="fig"}), a finding that is consistent with their lack of binding to the corresponding neoglycoconjugates. Taken together, these results clearly indicated that the VP8\* domains of the G6P\[5\] WC3 and reassortant G4P\[5\] strains recognized the αGal HBGA as a ligand in cows and pigs but not in humans.

![Binding of recombinant VP8\* domain of bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] strains to saliva. (A) Binding of the GST-VP8\* domains was tested on a panel of human, bovine, and porcine saliva samples, using an anti-GST antibody (1:1,000 dilution), followed by the addition of an HRP-conjugated goat anti-mouse IgG antibody. The binding results to individual saliva samples were sorted by the αGal signals of individual saliva samples. A trend for correlation between the salivary αGal signals and VP8\* binding levels for both P\[5\]-bearing strains was observed. Capital letters H, P, and B on the *x* axis identifies human (indicated by yellow bars), pig (indicated by blue bars), and cow (indicated by green bars) samples, respectively. (B) GST-P domain of norovirus strain VP387 (GII0.4) was tested as a positive control for binding to a panel of saliva samples from 54 human individuals. The A and B type signals of each individual saliva sample were sorted particularly based on the stronger intensity of A type signal, and the binding activity of the P domain to each individual saliva sample was plotted on a graph. A trend for correlation with the salivary A and B signals with the binding levels of the P domain was observed. The binding ability of recombinant GST-VP8\* domains or GST-P domain was determined by the saliva-binding assay mentioned above. The binding of the saliva samples was visualized using TMB and measured at 450 nm in three independent experiments. Error bars represent means ± the SD.](JVI.00941-19-f0004){#F4}

![Binding activity of P\[5\] VP8\* domains and the amount of Lewis^y^, H, and A HBGAs in saliva. Binding of the GST-VP8\* domains was tested on a panel of human (capital letter H on the *x* axis, indicated by yellow bars), bovine (capital letter B on the *x* axis, indicated by green bars), and porcine (capital letter P on the *x* axis, indicated by blue bars) saliva samples, using an anti-GST antibody (1:1,000 dilution), followed by the addition of an HRP-conjugated goat anti-mouse IgG antibody. (A to C) The binding results for individual saliva samples were sorted by their Le^y^ (A), H (B), and A (C) signals. No correlation was observed between the salivary Le^y^, H, and A signals and VP8\* binding levels in either P\[5\]-bearing strain. Binding of saliva samples was visualized using TMB, which was measured at 450 nm in three independent experiments. Error bars represent means ± the SD.](JVI.00941-19-f0005){#F5}

P\[5\]-bearing strains were also found to use α2,6-linked SA as a receptor on permissive MA104 cells. {#s2.3}
-----------------------------------------------------------------------------------------------------

Although the results presented above showed that the bovine G6P\[5\] WC3 and mono-reassortant G4P\[5\] strains recognized the αGal HBGA, both strains could replicate in MA104 cells, which do not express the αGal epitope, due to the lack of an α1,3-galactosyltransferase enzyme in rhesus monkeys, the species of origin of these cells ([@B26], [@B29]). The αGal epitope was strongly detected on bovine (MDBK) and porcine (LLC-PK) cells, but not on Old World monkey (MA104) or human colon carcinoma-derived Caco-2 cells ([Fig. 6A](#F6){ref-type="fig"}). Although MDBK and LLC-PK cells expressed αGal epitope, they did not allow the replication of either strain ([Fig. 6B](#F6){ref-type="fig"}), suggesting that binding to the αGal epitope is not sufficient to make cell lines permissive to either of these strains and that other receptors and/or intracellular factors are required for the efficient entry and/or replication of these strains in these cell lines. Conversely, the replication of both strains in MA104 and Caco-2 cells ([Fig. 6B](#F6){ref-type="fig"}) suggested that the VP8\* domains of these strains may also recognize other receptors, such as internal or terminal SAs. Accordingly, we examined whether both strains were able to recognize SAs. The treatment of MA104 cells with neuraminidase (NA) from Vibrio cholerae to remove SAs decreased the infectivity of both strains in an enzyme dose-dependent manner ([Fig. 7](#F7){ref-type="fig"}). It should be noted that even the highest NA concentration used did not fully suppress RVA infectivity ([Fig. 7](#F7){ref-type="fig"}). Pretreating MA-104 cells with α2,3-linked SA-specific sialidase (SS) from Streptococcus pneumoniae had no significant inhibitory effects on the infectivity of either strain, regardless of the enzyme dose administered (data not shown). As expected, NA and SS reduced the infectivity of the α2,3-linked SA-dependent control virus, enterovirus 70 (EV70) J670/71 strain but did not affect the infectivity of the decay-accelerating factor (DAF)-dependent control virus, coxsackievirus B3 (CVB3) Nancy strain (data not shown). These findings strongly suggested that the bovine G6P\[5\] WC3 and mono-reassortant G4P\[5\] strains use SS-resistant and NA-sensitive SA residue(s) to infect MA104 cells.

![Expression of the αGal epitope and infectivity of the bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] strains in various cell lines. (A) The expression level of the αGal epitope in Old World monkey (MA104), bovine (MDBK), human (Caco-2), and porcine (LLC-PK) cells was determined using an immunofluorescence assay with MAbs specific to the αGal epitope. Scale bars, 20 μm. (B) The infectivity of both P\[5\]-bearing strains (MOI, 1 FFU/cell) in the cell lines was assessed using an immunofluorescence assay with MAbs specific to the RVA VP6 protein at 15 h postinfection. All experiments were performed on three independent occasions. Scale bars, 200 μm. Panels A and B show representative images.](JVI.00941-19-f0006){#F6}

![Infection of the bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] strains requires a terminal SA. (A) The effect of pretreatment of permissive MA104 cells with neuraminidase from Vibrio cholerae on the infectivity of both P\[5\]-bearing RVA strains (MOI, 1 FFU/cell) was assessed using an immunofluorescence assay with MAbs specific to the RVA VP6 protein. Panel A shows one representative set of results. (B) The number of RVA antigen-positive cells following NA treatment, expressed as a percentage of mock-treated virus-infected cells, was quantified from three independent fields of view. All experiments were performed on three independent occasions. Scale bars, 200 μm. Error bars represent means ± the SD from triplicate experiments. \*\*\*, *P* \< 0.001.](JVI.00941-19-f0007){#F7}

Preincubation with sialic acids or αGal molecule prevented infection by P\[5\]-bearing strains. {#s2.4}
-----------------------------------------------------------------------------------------------

To further determine whether SAs and αGal could act as receptors for both P\[5\]-bearing strains, the monosaccharides NANA and NGNA, and the αGal trisaccharide were individually premixed with bovine G6P\[5\] WC3 and mono-reassortant G4P\[5\] strains before inoculation into MA104 cells. The infectivity of both strains was blocked in a dose dependent manner when mixed with NANA ([Fig. 8](#F8){ref-type="fig"}), while NGNA blocked the infectivity of the G6P\[5\] WC3 strain, but not the G4P\[5\] strain ([Fig. 8](#F8){ref-type="fig"}). NANA is the predominant SA found in human and many mammalian cells, whereas NGNA is found in most nonhuman mammals ([@B30]). These results suggest that the mono-reassortant G4P\[5\] lost the ability to recognize the nonhuman sialic acid NGNA, indicating a possible adaptation to human glycans. Interestingly, the infection of αGal-free MA104 cells was reduced in a dose-dependent manner after preincubation of either strain with the αGal trisaccharide ([Fig. 8](#F8){ref-type="fig"}). These findings were consistent with the use of SA as a receptor by both P\[5\]-bearing strains and indicated that the αGal trisaccharide interferes with a binding site required for infection, which may be the SA binding site.

![Infectivity of the bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] strains is blocked by NANA, NGNA, or αGal. (A) The effect of preincubation of MA-104 cells with NANA, NGNA, or αGal on the infectivity of the bovine G6P\[5\] WC3 strain (MOI, 1 FFU/cell) was assessed using an immunofluorescence assay with MAbs specific for the RVA VP6 protein. (B) The effect of preincubation of MA-104 cells with NANA, NGNA, or αGal on the infectivity of the bovine-human mono-reassortant G4P\[5\] strain (MOI, 1 FFU/cell) was assessed using an immunofluorescence assay with MAbs specific for the RVA VP6 protein. (C) The number of infected MA-104 cells with both P\[5\]-bearing RVA strains was expressed as a percentage of the mock-treated, virus-infected control. All experiments were performed on three independent occasions. Panels A and B show representative sets of results. The scale bars in panels A and B indicate 200 μm. Error bars in panel C represent the means ± the SD from triplicate experiments. \*\*\*, *P* \< 0.001.](JVI.00941-19-f0008){#F8}

The VP8\* domain of P\[5\]-bearing strains agglutinated rabbit erythrocytes with the αGal epitope. {#s2.5}
--------------------------------------------------------------------------------------------------

To determine whether P\[5\]-bearing RVA strains agglutinate erythrocytes, a hemagglutination (HA) assay was performed using erythrocytes from various species (data not shown). The VP8\* domains and viral particles of both bovine G6P\[5\] WC3 and mono-reassortant G4P\[5\] strains agglutinated rabbit erythrocytes but did not agglutinate erythrocytes from any other species examined (data not shown). The G11P\[25\] Dhaka6 strain, used as a positive control, agglutinated human blood group A erythrocytes as expected (data not shown), thus validating the HA assay. An anti-αGal antibody agglutinated rabbit erythrocytes at a high titer but did not agglutinate erythrocytes from any other species (data not shown), an observation consistent with the known high expression level of the αGal motif on rabbit erythrocytes ([@B28]). To confirm that αGal was the ligand recognized on rabbit erythrocytes, we performed the HA assay following pretreatment of rabbit erythrocytes with GLA. GLA pretreatment prevented agglutination by both strains (data not shown), indicating that both strains agglutinated rabbit erythrocytes via the αGal HBGA. Interestingly, pretreatment of rabbit erythrocytes with NA prevented their agglutination by both P\[5\]-bearing strains (data not shown). These results indicated that agglutination of rabbit erythrocytes by both P\[5\]-bearing strains involved both αGal HBGA and SA moieties.

The P\[5\]-bearing strains replicated in α2,6-linked SA- and αGal-negative HIEs and in α2,6-linked SA-negative and αGal-positive BIEs. {#s2.6}
--------------------------------------------------------------------------------------------------------------------------------------

We first characterized HIEs and bovine intestinal enteroids (BIEs). Consistent with previous reports ([@B31], [@B32]), when HIEs and BIEs were cultured in complete medium with growth factors, they formed multilobular or cystic structures after approximately 7 (HIEs) or 10 (BIEs) days (data not shown for human HIEs; [Fig. 9A](#F9){ref-type="fig"} and [B](#F9){ref-type="fig"}). Differentiated HIEs and BIEs showed scattered periodic acid-Schiff (PAS)-positive goblet cells (data not shown for human HIEs; [Fig. 9C](#F9){ref-type="fig"}). Differentiated jejunal HIEs were positive for villin, a marker of intestinal epithelial cells, and a few lining cells were positive for chromogranin, a marker of enterochromaffin cells (data not shown). Ileal BIEs cultivated in a differentiation medium showed morphological characteristics of differentiated cells, such as enterocytes and goblet cells ([Fig. 9C](#F9){ref-type="fig"}), and a few positive enterochromaffin cells were detected using an anti-chromogranin antibody ([Fig. 9D](#F9){ref-type="fig"}). However, neither enterocytes nor goblet cells were identified by immunostaining for villin and mucin, respectively ([Fig. 9D](#F9){ref-type="fig"}). In addition, antibodies specific for sucrose-isomaltase (epithelial marker) and lysozyme (Paneth cell marker) used in previous studies ([@B31], [@B32]) did not specifically detect their targets in HIEs or BIEs when cultivated in differentiation medium.

![Characterization of bovine ileal enteroids. (A) Representative images of sequential bovine ileal enteroids from intestinal crypts that were grown for 1, 3, or 5 days in complete medium with growth factors. (B) After 10 days of growth in complete medium with growth factors, enteroids typically had two major morphologies: cystic (left) and multilobular (right). (C and D) Differentiated bovine ileal enteroids (3D) grown in Matrigel with a differentiation medium lacking Wnt3A, SB202190, and nicotinamide and with half the normal concentration of Noggin and R-spondin, were fixed with 4% paraformaldehyde and embedded in paraffin. (C) Thin sections were stained with H&E (upper panel), and periodic acid-Schiff (PAS, lower panel). (D) Thin sections were stained using immunohistochemistry to determine the expression levels of villin for enterocytes, chromogranin A for enteroendocrine cells, and mucin 2 for goblet cells. Nuclei were stained with DAPI.](JVI.00941-19-f0009){#F9}

Differentiated HIEs were negative for both α2,6-linked SAs and αGal HBGA, whereas differentiated BIEs were negative for α2,6-linked SAs and positive for αGal HBGA ([Fig. 10A](#F10){ref-type="fig"}). Consistent with the lack of α2,6-linked SA expression in HIEs, Sambucus nigra lectin (SNL) staining of frozen sections of human small intestine failed to detect positive epithelial cells *in situ* ([Fig. 10B](#F10){ref-type="fig"}). Only cells from the lamina propria were specifically labeled in an NA-sensitive manner, as confirmed by the finding that NA treatment inhibited the positive staining ([Fig. 10B](#F10){ref-type="fig"}). We then used differentiated HIEs and BIEs to examine the replication levels of both P\[5\] strains. Differentiated HIEs and BIEs infected with both P\[5\] strains showed positive detection of intracellular rotavirus antigen by flow cytometry and an increase in viral replication by qPCR ([Fig. 11A](#F11){ref-type="fig"} and [B](#F11){ref-type="fig"}). Nevertheless, replication in HIEs was slightly lower than that in BIEs ([Fig. 11B](#F11){ref-type="fig"}). Scattered RVA-positive cells were observed, via confocal microscopy, in differentiated HIEs and BIEs at 18 h postinfection ([Fig. 11C](#F11){ref-type="fig"}). These results suggested that both strains could replicate in HIEs, despite their lack of α2,6-linked SAs and αGal HBGA.

![Expression of α2,6-linked SA and αGal in differentiated human and bovine jejunal enteroids and human small intestinal sections. (A) Differentiated human jejunal and bovine ileal enteroids grown in Matrigel with a differentiation medium were fixed with 4% paraformaldehyde. Thin sections of differentiated HIEs and BIEs were stained using immunohistochemistry to determine the expression levels of α2,6-linked sialic acids and the αGal epitope. Nuclei were stained with DAPI. Representative images are shown. (B) Detection of α2,6-linked SAs in the human small intestine. Frozen human duodenal tissue sections were fixed with 10% formalin and incubated with biotin-labeled SNL at 10 μg/ml in PBS, followed by incubation with DyLight 488-conjugated streptavidin (green) in the same buffer (α2,6-SA). Nuclei were stained with DAPI (blue). To determine the SA dependence of the labeling, tissue sections were pretreated with neuraminidase for 4 h (+NA). Positive control sections were preincubated with the manufacturer's enzyme buffer only (--NA). The right panel shows higher-magnification images of the inlets from the left panel. The data are representative from two individuals.](JVI.00941-19-f0010){#F10}

![Replication of the bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] strains in differentiated human and bovine intestinal enteroids. (A) Differentiated human jejunal and bovine ileal enteroids grown in Matrigel with a differentiation medium were infected with the bovine G6P\[5\] WC3 strain or the bovine and human mono-reassortant G4P\[5\] strain at an MOI of 10 FFU/cell for the indicated times. The infected cells were assessed using flow cytometry with an MAb against the rotavirus VP6 protein and then FITC-conjugated secondary antibodies. The data are representative from three independent experiments. (B) Differentiated HIEs and BIEs infected with the bovine G6P\[5\] WC3 strain or the bovine and human mono-reassortant G4P\[5\] strain, at an MOI of 10 FFU/cell for the indicated times, were harvested and used to determine total viral RNA by real-time RT-PCR. All experiments were performed on three independent occasions. Error bars represent means ± the SD from triplicate experiments. (C) Differentiated HIEs and BIEs grown in Matrigel with a differentiation medium were infected with the bovine G6P\[5\] WC3 strain or the bovine-human mono-reassortant G4P\[5\] strain at an MOI of 10 FFU/cell for 48 h. The cells were fixed with 4% paraformaldehyde. Thin sections were incubated with MAbs against the rotavirus VP6 protein and then FITC-conjugated secondary antibodies. Nuclei were stained with DAPI. Representative images are shown.](JVI.00941-19-f0011){#F11}

DISCUSSION {#s3}
==========

The binding of viral particles to cell surface attachment factors and/or cellular receptor(s) regulates the initial stage of a viral infection. Thus, the different expression and distribution of attachment factors and receptor(s) plays a pivotal role in viral tissue tropism and pathogenesis ([@B33], [@B34]). The bovine G6P\[5\] RVA strains such as WC3 strain are an important animal pathogen since it has a high economic impact on the cattle industry and are a potential source of zoonotic human RVA transmission ([@B35][@B36][@B38]). The WC3 strain is used as the backbone of the bovine-human reassortant RotaTeq vaccine ([@B39], [@B40]). However, the attachment factors and/or receptors used by the VP8\* domains of these strains remain unknown. Here, we demonstrated that the P\[5\]-bearing WC3 and bovine-human mono-reassortant strains recognized both αGal HBGA and α2,6-linked SAs as ligands.

The bovine G6P\[5\] WC3 strain and other bovine P\[5\]-bearing strains, such as UK, B-641, and 678, are reported to be NA insensitive ([@B15]). In this study, however, the infectivity of the bovine G6P\[5\] WC3 and G4P\[5\] RotaTeq vaccine strains was reduced in a dose-dependent manner by pretreating MA104 cells with NA. Moreover, identical amino acid sequences between the current and original GenBank database-deposited G6P\[5\] WC3 strains and between current and original GenBank database-deposited G4P\[5\] RotaTeq vaccine strains did not influence NA sensitivity of current viruses. In addition, one amino acid substitution at amino acid 193 (N193K) within the hemagglutination domain of VP8\* domain between G6P\[5\] WC3 and G4P\[5\] RotaTeq vaccine strains ([@B19], [@B26], [@B27]) did not change the NA sensitivity of either strains, as mentioned above, indicating no influence of NA sensitivity by amino acid substitution at amino acid 193 (N193K) within the hemagglutination domain. The discrepancy between our results and previously reported data may be due to different NA treatment protocols; we pretreated MA104 cells with 10 to 100 mU/ml of NA, whereas Ciarlet et al. pretreated cells with 0.3 to 20 mU/ml of NA ([@B15]). Since the inhibitory effects of NA have also been reported in other SA-dependent viruses, such as porcine sapovirus Cowden, sapelovirus, feline calicivirus F9, and echovirus 70 J670/71 strains ([@B41][@B42][@B43]), we confirmed NA sensitivity using NA-sensitive EV70 and NA-independent CVB3 strains in the present study. Our data suggested that G6P\[5\] WC3 and G4P\[5\] RotaTeq vaccine strains are NA sensitive.

In addition, the infectivity of both strains was also reduced by pretreatment with the α2,6-linked SA inhibitor, SNL, but not by pretreatment with the α2,3-linked SA inhibitors SS and MAL. Taken together, these findings demonstrated that the bovine G6P\[5\] WC3 and human-bovine reassortant G4P\[5\] strains are NA sensitive and use α2,6-linked SA for the infection of MA104 cells. Since the internal SAs of cell surface carbohydrates are NA insensitive, our results cannot rule out the possibility that these strains use internal SA moieties as a ligand in a similar way to P\[8\] Wa, which has been shown to recognize the internal SA of ganglioside GM1 ([@B16], [@B17]), and Le^b^ and H type 1 HBGAs ([@B20]). Consequently, in future studies it will be necessary to fully characterize the SA-containing glycans on MA104 cells that are recognized by P\[5\]-bearing strains.

It has also been reported that amino acid changes in VP7 protein may influence the NA sensitivity of VP8\* domain of a rotavirus strain ([@B44]). In the present study, three amino acid substitutions of VP7 proteins were detected between current G6P\[5\] WC3 and GenBank database-deposited original WC3 strains. However, amino acid sequences of VP7 proteins between current G4P\[5\] RotaTeq and GenBank database-deposited original G4P\[5\] strains were identical. If the three amino acid substitutions observed in the VP7 protein of current WC3 strain changed the NA sensitivity of VP8\* domains from the original NA-insensitive to the current NA-sensitive G6P\[5\] WC strains, there should also be amino acid change(s) in the VP7 protein between current G4P\[5\] RotaTeq and GenBank database-deposited original G4P\[5\] strains because the VP8\* domain of current G4P\[5\] RotaTeq strain was also NA sensitive like the current WC3 strain. However, no amino acid substitutions were observed between them. These suggested that VP7 proteins of G6P\[5\] WC3 and G4P\[5\] RotaTeq strains could not alter the receptor-binding specificity (NA sensitivity) of GenBank database-deposited original strains.

As expected, the preincubation of both strains with monosaccharides (NANA and/or NGNA) inhibited their infectivity in MA104 cells in a dose-dependent manner. Interestingly, the preincubation of both strains with αGal also inhibited their infectivity in αGal-free MA104 cells, suggesting that αGal binding may interfere with the α2,6-linked SA binding site. Crystallographic studies will be necessary to determine whether the α2,6-linked SA and αGal binding sites are located on the VP8\* domains of both strains or whether the interference of αGal with NANA-dependent infection is indirect.

Some animal RVAs agglutinate erythrocytes using SA-containing compounds, whereas human RVAs are generally considered to be nonhemagglutinating ([@B26]). Like some caliciviruses, such as human and bovine noroviruses, rabbit hemorrhage disease virus, and Tulane virus ([@B29], [@B43], [@B45][@B46][@B49]), recent studies have shown that the VP8\* domain of human RVAs recognizes HBGAs ([@B19][@B20][@B21]), inducing the agglutination of erythrocytes by binding HBGAs ([@B21]). In addition, the NA-insensitive bovine G10P\[11\] B223 and bovine-human reassortant G10P\[11\] strains recognize the type II HBGA precursor and then agglutinate type O, A, and B erythrocytes ([@B24]). P\[5\]-bearing strains, including bovine strains UK, B-641, WC3, and 678, are considered to be NA insensitive ([@B15]) and HA insensitive to human group O erythrocytes ([@B26], [@B50]). In the present study, both bovine G6P\[5\] WC3 and bovine-human reassortant G4P\[5\] strains agglutinated rabbit erythrocytes, but not the erythrocytes from any other species, which is consistent with the high expression of αGal epitope on rabbit erythrocytes ([@B28]). In addition, the HA activity of both strains on rabbit erythrocytes was inhibited by pretreatment with GLA and NA, indicating that both P\[5\]-bearing strains agglutinated rabbit erythrocytes by binding αGal and SA moieties ([@B21], [@B23], [@B24]).

A growing body of evidence indicates that RVAs may be transmitted between animals and humans ([@B3], [@B37]). However, P\[5\]-bearing strains do not naturally infect humans even though they are used in the RotaTeq vaccine as the bovine-human mono-reassortant P\[5\] strains G1P\[5\], G2P\[5\], G3P\[5\], and G4P\[5\]. The αGal antigen is present in bovine small intestine epithelial cells, while the ganglioside, GD1α, containing an α2,6-linked SA, has been detected in calf small intestine epithelial cells, suggesting that these two ligands are involved in the infection of calves which are the natural host of P\[5\]-bearing RVA strains ([@B29], [@B51]). Interestingly, bovine norovirus strains also specifically bind to αGal in the bovine small intestinal mucosa but not in human or porcine mucosa ([@B29]). This suggests the convergent adaptation of rotaviruses and noroviruses to bovine host glycans. In contrast, humans and Old World monkeys do not express αGal because they lack an α1,3-galactosyltransferase ([@B28]). Similarly, although α2,6-linked SA moieties are abundant on many cell types, where they serve as receptors for several other viruses ([@B34], [@B52], [@B53]), they have not been detected on glycolipids or N-linked glycoproteins in the gut of adult humans. They have only been found on the innermost *N*-acetylgalactosamine of O-glycans, which is unlikely to be accessible to a virus, since none have been detected when staining the human gut intestine with α2,6-linked SA-specific SNL ([@B54][@B55][@B57]). Therefore, the absence of both αGal and α2,6-linked SAs in the human intestine likely contributes to the lack of bovine-to-human cross-species transmission by P\[5\]-bearing strains.

To determine whether bovine RVAs could replicate in homologous and heterologous species, we used the novel pathophysiological model of HIEs and BIEs ([@B31]). Interestingly, we demonstrated that both the bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] strains were able to replicate in HIEs, albeit somewhat less efficiently than in BIEs, suggesting that both strains may have some potential for zoonotic transmission. We also demonstrated that the differentiated HIEs, which allowed the replication of both P\[5\]-bearing strains, did not express α2,6-linked terminal SAs or αGal. It therefore appears that these ligands are dispensable for infection of human cells by the bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] strains *in vitro*. This is similar to the situation encountered with the human P\[8\] strains, which can infect cells depleted of fucosylated HBGA ligands *in vitro* ([@B21]). The importance of the HBGA ligands of P\[8\]-bearing strains *in vivo* is, nonetheless, well documented since so-called nonsecretor children, who present inactivating mutations in the *FUT2* gene, seldom develop symptomatic gastroenteritis caused by P\[8\]-bearing strains and seroconvert less efficiently than secretor children after vaccination ([@B18], [@B19], [@B58][@B59][@B60]). Likewise, the lack of αGal and α2,6-linked SA on human epithelial cells could limit the extent of infection caused by the P\[5\]-bearing strains in the RotaTeq vaccine.

The infection of HIEs by P\[5\]-bearing strains suggested that additional or alternative receptors and mechanisms of entry can be used for infection *in vitro*. Earlier studies have shown that the RRV mutant strain, nar3, binds directly to the cell through the VP5\* domain of VP4 protein ([@B61]). Likewise, integrins, hsp70, and tight-junction proteins have been suggested as alternative RVA receptors ([@B5]). Such attachment factors and/or receptors may be used by the P\[5\]-bearing strains to initiate the infection of human cells. Therefore, whether the VP5\* domain of P\[5\] VP4 protein directly binds to α2,6-linked SA- and αGal-free HIEs and human intestinal epithelial cells without prior attachment of VP8\* domain should be addressed in future studies. This could be demonstrated by using several sophisticated tools, including recently developed reverse genetics to incapacitate individual genes or to introduce particular amino acid substitutions ([@B62][@B63][@B64]).

In conclusion, we demonstrated that the bovine G6P\[5\] WC3 and human-bovine mono-reassortant G4P\[5\] strains both use α2,6-linked SAs and αGal as ligands. This likely explains the absence of natural human infections by P\[5\]-bearing strains, since neither ligand is present in the epithelium of the human small intestine. However, both strains could replicate in HIEs lacking α2,6-linked SAs and αGal, suggesting that P\[5\]-bearing strains can initiate, albeit less efficiently, the infection of human cells through alternative ligands or receptors and thus may have some potential for zoonotic transmission.

MATERIALS AND METHODS {#s4}
=====================

Cells and viruses. {#s4.1}
------------------

MA104 (African green monkey kidney) cells obtained from the American Type Culture Collection (ATCC) were cultured in alpha minimum essential medium supplemented with 5% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin. Porcine kidney LLC-PK, human colorectal adenocarcinoma Caco-2, Madin-Darby bovine kidney (MDBK), human cervical cancer HeLa cells, and human lung fibroblast WI-38 cells were all purchased from the ATCC and were cultured in Eagle medium (EMEM) supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. Human embryonic kidney 293T cells stably expressing R-spondin 1 (Trevigen, Gaithersburg, MD) or Noggin (kindly provided by G. R. van den Brink, Hubrecht Institute, The Netherlands) were cultured in flasks with Dulbecco modified Eagle medium (DMEM; without arginine or lysine) supplemented with 10% FBS, GlutaMAX (1×), HEPES (1×), penicillin (100 U/ml), and streptomycin as described previously ([@B31], [@B32]). The bovine RVA G6P\[5\] WC3 strain was kindly provided by J. Matthijnssens (University of Leuven, Leuven, Belgium). The bovine-human mono-reassortant G4P\[5\] strain, a component of the RotaTeq pentavalent RVA vaccine, was a generous gift from S. J. Lee (SK Chemicals, Seongnam-si, Republic of Korea). The other RVA strains, including bovine G6P\[1\] NCDV, canine G3P\[3\] CU-1, enterovirus 70 (EV70) J670/71, and coxsackievirus B3 (CVB3) Nancy, were all purchased from the ATCC. Before inoculation of cells, the RVA strains were preincubated with 10 μg/ml of trypsin for 1 h, and then the RVA strains, EV70, and CVB3 were propagated in MA104, Caco-2, and WI38 cells, respectively ([@B41], [@B65], [@B66]). Viral titers were assessed using a cell culture immunofluorescence assay with monoclonal antibodies (MAbs) specific for each virus, as described below, and expressed as fluorescence focus units (FFU)/ml.

Sequencing, expression, and purification of the GST-VP8\* domain and GST-P particle and sequencing of VP7 genes. {#s4.2}
----------------------------------------------------------------------------------------------------------------

The full-length sequences of VP8\* corresponding to amino acids 1 to 231 of bovine G6P\[5\] WC3 and G6P\[1\] NCDV, canine G3P\[3\] CU-1, and bovine-human mono-reassortant G4P\[5\] RVA strains were amplified from infected cell cultures using an reverse transcription-PCR (RT-PCR) assay with specific primers ([Table 1](#T1){ref-type="table"}), as described previously ([@B20]). The cDNA encoding the full-length VP8\* sequences of G11P\[25\] Dhaka6 (GenBank accession no. [GU199520](https://www.ncbi.nlm.nih.gov/nuccore/GU199520)) and the P domain of human norovirus genogroup II genotype 4 strain VA387 (GenBank accession no. [AAK84679](https://www.ncbi.nlm.nih.gov/protein/AAK84679)) were synthesized (Bioneer, Daejeon, South Korea) ([@B19], [@B67]). Each amplicon, as well as the cDNA encoding the Dhaka6 VP8\* domain or the VA387 P domain, was cloned into a pGEX4T-1 expression vector with an N-terminal glutathione *S*-transferase (GST) tag (GE Healthcare Life Sciences, Pittsburgh, PA). The GST-VP8\* proteins were expressed and purified as described previously ([@B20]).

###### 

Primers used for amplification of the RVA VP8\*, VP7, and NV P domain coding regions

  Strain                                                                     Sequence (5′--3′)[^*a*^](#T1F1){ref-type="table-fn"}   Construct generated   Restriction enzyme site   Sense
  -------------------------------------------------------------------------- ------------------------------------------------------ --------------------- ------------------------- ----------
  G6P\[1\] NCDV                                                              GT[GGATCC]{.ul}ATGGCTTCACTCATTTATAGAC                  VP8\* full-length     BamHI                     Positive
  GC[CTCGAG]{.ul}TCATCTCGTATTTTGTATTGGTGG                                                                                           XhoI                  Negative                  
  G6P\[5\] WC3                                                               GT[GGATCC]{.ul}ATGGCTTCGCTCATATACAG                    VP8\* full-length     BamHI                     Positive
  GC[CTCGAG]{.ul}TCATCTGGTGTTTTGGATTG                                                                                               XhoI                  Negative                  
  GGCTTTAAAAGAGAGAATTTCCGT                                                   VP7 full-length                                                              Positive                  
  GGTCACATCATACAATTCTAATCT                                                                                                                                Negative                  
  G4P\[5\] RotaTeq                                                           GT[GGATCC]{.ul}ATGGCTTCGCTCATATACAG                    VP8\* full-length     BamHI                     Positive
  GC[CTCGAG]{.ul}TCATCTGGTGTTTTGGATTG                                                                                               XhoI                  Negative                  
  GGCTTTAAAAGAGAGAATTTCCGT                                                   VP7 full-length                                                              Positive                  
  GGTCACATCAAACAGTTCTATTTT                                                                                                                                Negative                  
  G3P\[3\] CU-1                                                              GT[GGATCC]{.ul}ATGGCTTCGCTCATTTATAGAC                  VP8\* full-length     BamHI                     Positive
  GC[CTCGAG]{.ul}TCATCTTGTATTTTGAATCGGTGG                                                                                           XhoI                  Negative                  
  G11P\[25\] Dahaka                                                          GT[GGATCCA]{.ul}TGGCTTCGTTAATTTACAGAC                  VP8\* full-length     BamHI                     Positive
  GC[CTCGAG]{.ul}TCAACGTGTATTCTGAATTGGTGG                                                                                           XhoI                  Negative                  
  VA387 (GII.4)                                                              GCAC[GGATCC]{.ul}TCAAGAACTAAACCATTCACC                 P-CDCRGDCFC           BamHI                     Positive
  GCAT[GCGGCCGC]{.ul}TTAGCAAAAGCAATCGCCACGGCAATC GCA TAATGCACGTCTGCGCCCCGC                                                          NotI                  Negative                  

Underlining indicates the restriction enzyme site described in column 4.

The full-length open reading frame sequences of VP7 gene corresponding to amino acids 1 to 326 of the bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] RVA strains were amplified from infected cell cultures using an RT-PCR assay with specific primers ([Table 1](#T1){ref-type="table"}), as described previously ([@B68]). Each purified VP7 amplicon by a QIAEX II gel extraction kit (Qiagen, Valencia, CA) was ligated into the pGEM-T Easy vector systems (Promega, Madison, WI) and subcloned into home-made DH5α competent cells, as described previously ([@B68]).

To determine whether the VP8\* domain and VP7 genes of the G6P\[5\] WC3 and G4P\[5\] RotaTeq vaccine strains used in this study have amino acid mutations compared with their GenBank database-deposited original strains, the DNA of plasmids encoding the VP8\* domains and VP7 genes was sequenced using an ABI 3700 (Applied Biosystems, Foster City, CA). Sequence comparisons of VP8\* and VP7 genes were done using the EMBL-EBI sequence analysis tools.

Sequences and phylogenetic analyses of the full-length amino acid sequences of VP8\* domains and VP7 protein. {#s4.3}
-------------------------------------------------------------------------------------------------------------

The full-length amino acid sequences of VP8\* and VP7 of the bovine G6P\[5\] WC3 and human-bovine mono-reassortant G4P\[5\] strains used in this study were compared with those of GenBank database-deposited original bovine G6P\[5\] WC3 \_(GenBank accession no. [AY050271](https://www.ncbi.nlm.nih.gov/nuccore/AY050271) for VP8\* and GenBank accession no. [AY050272.1](https://www.ncbi.nlm.nih.gov/nuccore/AY050272.1) for VP7) and mono-reassortant G4P\[5\] RotaTeq vaccine (GenBank accession no. [GU565090](https://www.ncbi.nlm.nih.gov/nuccore/GU565090) for VP8\* and GenBank accession no. [GU565090](https://www.ncbi.nlm.nih.gov/nuccore/GU565090.1).1 for VP7) strains, using the DNA Basic module (DNAsis MAX, Alameda, CA) according to the manufacturer's instructions. The functional moieties of each region, including the hemagglutination (HA) domain, known to bind cell surface sialic acids (SAs), and HBGA binding sites were adapted from other reports ([@B19], [@B26]). Phylogenetic analysis of the full-length VP8\* amino acid sequence was conducted with strains representative of the five P genogroups (P\[1\] to P\[5\]) using MEGA (v4.1), and a dendrogram was constructed using the neighbor-joining method as described previously ([@B21], [@B69]).

Reagents and antibodies. {#s4.4}
------------------------

*N*-Acetylneuraminic acid (NANA; Sigma-Aldrich, St. Louis, MO), *N*-glycolylneuraminic acid (NGNA; Sigma-Aldrich), free αGal trisaccharide (carbohydrate synthesis), MAL (Sigma-Aldrich), SNL (Sigma-Aldrich), biotin-labeled SNL (Vector Laboratories, Burlingame, CA), NA from Vibrio cholerae (Sigma-Aldrich), or Clostridium perfringens (New England Biolabs, Ipswich, MA), SS from Streptococcus pneumoniae (Prozyme, Hayward, CA), and GLA from green coffee beans (Sigma-Aldrich) were dissolved in phosphate-buffered saline (PBS; pH 7.2). Alexa Fluor 594 (AF594) succinimidyl ester, purchased from Molecular Probes (Eugene, OR), was dissolved in dimethyl sulfoxide (DMSO). G418 was purchased from Gibco (Paisley, UK). For the maintenance and/or differentiation of HIEs and BIEs, the following reagents were purchased: GlutaMAX-1, N2 supplement, B27 supplement, mouse recombinant epithelial growth factor, HEPES, and advanced EMEM/F12 (all from Invitrogen, Carlsbad, CA), phenol-free Matrigel (Corning, NY); *N*-acetylcysteine, SB202190, nicotinamide, and \[Leu15\]-Gastrin I (all from Sigma-Aldrich); A-83-01 (Tocris, Bristol, UK); WNT3a (ATCC); R-spondin (Trevigen, Gaithersburg, MD); Y-27632 (APExBIO, Houston, TX); and primocin (InvivoGen, San Diego, CA).

Biotin-conjugated oligosaccharide-polyacrylamides (PAAs)---including Lewis antigens (Le^a^, Le^b^, Le^x^, and Le^y^); type H, type A, and type B trisaccharides; αGal trisaccharides; and sLe^a^ and sLe^x^ tetrasaccharides---were purchased from GlycoTech, Gaithersburg, MD) ([Table 2](#T2){ref-type="table"}). The following antibodies were used in this study: anti-RVA VP6 capsid MAb (Median Diagnostics, Gangwon, South Korea), anti-EV70 capsid MAb (GeneTex, Irvine, CA), anti-CVB3 capsid MAb (Millipore, Burlington, MA), anti-αGal MAb (Enzo Life Science, Farmingdale, NY), biotinylated anti-SNL MAb (Vector Laboratories), MAbs against each HBGA molecule (Le^a^, Le^b^, Le^x^, Le^y^, H-1, H-2, A, and B; BioLegend, San Diego, CA), villin (Avivasysbio, San Diego, CA), chromogranin A and lysozyme (Novus Biologicals, Littleton, CO), sucrose-isomaltase (Santa Cruz, Dallas, TX), and mucin 2 (Abcam, Cambridge, MA). The fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit IgG polyclonal antibody, FITC-conjugated goat anti-mouse IgG polyclonal antibody, horseradish peroxidase (HRP)-conjugated streptavidin, and HRP-conjugated goat anti-rabbit IgG and anti-mouse IgG were obtained from Jackson Immuno Research Lab (West Grove). The Alexa Fluor 488-conjugated goat anti-rabbit IgG polyclonal antibody was purchased from Life Technologies (Eugene, OR). Streptavidin-phycoerythrin (PE) and streptavidin-DyLight 488 conjugates were purchased from Vector Laboratories (Burlingame, CA). SlowFade Gold antifade reagent with DAPI (4′,6′-diamidino-2-phenylindole) was obtained from Invitrogen.

###### 

Panel of synthetic histo-blood group antigens used in this study

  Histo-blood group antigen   Oligosaccharide structure and type of synthetic spacer
  --------------------------- --------------------------------------------------------
  Le^a^                       Galβ1-3(Fucα1-4)GlcNAc-PAA-biotin
  Le^b^                       Fucα1-2Galβ1-3(Fucα1-4)GlcNAc-PAA-biotin
  Le^x^                       Galβ1-4(Fucα1-3)GlcNAc-PAA-biotin
  Le^y^                       Fucα1-2Galβ1-4(Fucα1-3)GlcNAc-PAA-biotin
  Blood type H                Fucα1-2Galβ-PAA-biotin
  Le^d^ (H type 1)            Fucα1-2Galβ1-3GlcNAc-PAA-biotin
  H (type 2)                  Fucα1-2Galβ1-4GlcNAc-PAA-biotin
  Blood type A                GalNAcα1-3Galβ-PAA-biotin
  Blood type B                Galα1-3Galβ-PAA-biotin
  Blood type A (tri)          GalNAcα1-3(Fucα1-2)Galβ-PAA-biotin
  Blood type B (tri)          Galα1-3(Fucα1-2)Galβ-PAA-biotin
  Sialyl Le^a^                Neu5Acα2-3Galβ1-3(Fucα1-4)GlcNAc-PAA-biotin
  Sialyl Le^x^                Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAc-PAA-biotin
  αgal (tri)                  Galα1-3Galβ1-4GlcNAcβ-PAA-biotin

Synthetic HBGA binding assay. {#s4.5}
-----------------------------

The synthetic oligosaccharide-based HBGA binding assay was carried out as described previously ([@B20], [@B42], [@B70]). Briefly, 96-well microtiter plates were coated with recombinant GST-VP8\* and GST-P domain proteins at 10 μg/ml and incubated at 4°C overnight. After blocking with PBS containing 5% bovine serum albumin (PBS-BSA) at 37°C for 1 h, biotinylated PAA-conjugated oligosaccharides (5 μg/ml) was added, and plates were incubated at 4°C overnight. Bound oligosaccharides were detected using HRP-conjugated streptavidin. The plates were washed five times with PBS (150 μl) containing 0.1% Tween 20 (PBS-Tween 20). The signal intensity was visualized using 3,3′,5,5′-tetramethylbenzidine (TMB; Komabiotech, Seoul, Korea), and the optical density (OD) at 450 nm was read using a microplate reader (Thermo Fisher Scientific) according to the manufacturers' instructions.

Saliva binding assay. {#s4.6}
---------------------

Saliva samples from 54 human individuals, 10 cows, and 10 pigs were selected from the archives of the Saliva Registry of the Laboratory of Veterinary Pathology (College of Veterinary Medicine, Chonnam National University). Before the saliva binding assay was performed, the amount of each HBGA was determined as described previously ([@B72]). Briefly, boiled saliva samples were diluted in PBS (1:20 or 1:1,000 dilution) and then coated onto microtiter immunoplates (Thermo Fisher Scientific) at 4°C overnight. After blocking with PBS-BSA at 37°C for 1 h, MAbs specific to H1, H2, Le^a^, Le^b^, Le^x^, Le^y^, type A, and type B (1:200 to 1:300 dilution) and αGal (1:5 dilution) HBGAs were added. After incubation for 1 h at 37°C, HRP-conjugated goat anti-mouse anti-IgG or IgM was added. After each step, the plates were washed five times with PBS. The color reaction was performed as described above.

A saliva binding assay was used to detect the binding of recombinant GST-VP8\* and GST-P domain proteins by modifying a previously described method ([@B72], [@B73]). Briefly, boiled saliva samples were diluted at a ratio of 1:20 and then coated onto 96-well microtiter plates, followed by incubation at 4°C overnight. After blocking with PBS-BSA at 37°C for 1 h, recombinant GST-VP8\* and GST-P domain proteins (10 μg/ml) were added, followed by incubation for a further 1 h at 37°C. Bound target proteins were detected using an anti-GST antibody (1:1,000 dilution), followed by the addition of HRP-conjugated goat anti-mouse IgG antibody. The plates were washed five times with PBS-Tween 20. The signal intensity was visualized using TMB kit (Komabiotech), and the OD at 450 nm was read using a microplate reader (Thermo Fisher Scientific) according to the manufacturers' instructions.

To determine the target αGal epitope for the VP8\* domains of both bovine G6P\[5\] WC3 and human-bovine mono-reassortant G4P\[5\] strains, αGal epitopes were removed from the bovine, human, and porcine saliva samples, and then the binding specificity of the VP8\* domain was analyzed as described previously ([@B24], [@B29], [@B70]). Briefly, boiled saliva samples were diluted at a ratio of 1:20 and then coated onto 96-well microtiter plates and incubated at 4°C overnight. The plates were washed three times with PBS-Tween 20 and then incubated with 100 μl of α-galactosidase solution (4 mU/ml) for 48 h at 37°C. After blocking with PBS-BSA at 37°C for 1 h, the saliva binding assay was performed as described above. The signal intensities were visualized using a TMB kit, as described above.

Treatment of cells with chemicals and enzymes. {#s4.7}
----------------------------------------------

MA104 cells were pretreated with various concentrations of NA or SS (10, 50, or 100 mU) for 1 h at 37°C. The lectins MAL and SNL were used at 100 μg/ml for 1 h at 4°C. NANA, NGNA, and the αGal trisaccharide (Galα3Galβ4GlcNAcβ) were preincubated with viruses (40 or 80 mM) for 1 h at 37°C. After pretreatment, the cells were washed three times with PBS. The infection assay was carried out for each virus as described below. Mock and control treatments were performed at the same time.

VP8\* protein binding assay using CHO cells transfected with GGTA1. {#s4.8}
-------------------------------------------------------------------

CHO cells were transfected with or without the PCR3.1 eukaryotic expression vector encoding the complete rat *Ggta1* gene coding sequence as described previously ([@B28], [@B29]). Briefly, CHO cells maintained in DMEM/F-12 supplemented with 10% FBS, 2 mM [l]{.smallcaps}-glutamine, free nucleotides (10 μg/ml), 100 U/ml penicillin, and 100 μg/ml streptomycin were transfected with rat *Ggta1* using Lipofectamine (Invitrogen) according to the manufacturer's instructions. Stable transfectants were obtained by selection with 0.5 mg/ml G418. Cells were then cultured in the presence of 0.1 mg/ml G418, passaged at confluence after dispersal with 0.025% trypsin in 0.02% EDTA (which was incubated for 10 min), and routinely checked for mycoplasma contamination using Hoechst 33258 (Sigma-Aldrich) labeling.

Before binding assay, GST-VP8\* domain was labeled with AF594 as described previously with slight modification ([@B70]). Briefly, each VP8\* domain (10 mg at 1 mg/ml^−1^) in 0.1 M sodium bicarbonate buffer (pH 8.3) was labeled with a 0.1-fold molar concentration of AF594 succinimidyl ester (1 mg at 1 mg ml^−1^ in DMSO). Each mixture was thoroughly vortexed for 30 s and incubated for 1 h at room temperature with continuous stirring. Labeled proteins were purified as described above ([@B20]). The concentrations of the purified AF594-labeled VP8\* domains were determined using a BCA protein assay kit (Pierce, IL) according to the manufacturer's instructions.

To determine the binding of each VP8\* domain of G6P\[5\] WC and G4P\[5\] RotaTeq strains, the immunofluorescence assay was performed as described previously with slight modification ([@B70], [@B71]). Briefly, the confluent mock-transfected parent or *GGTA1*-transfected CHO cells grown on eight-chamber slides were coincubated with the FITC-conjugated anti-αGal MAb (1:100 dilution) and the AF594-labeled VP8\* proteins of either the bovine G6P\[5\] WC3 or human-bovine mono-reassortant G4P\[5\] strain at 10 μg/ml at room temperature for 30 min, washed with PBS containing 0.1% newborn calf serum (PBS-NCS), and then fixed with 4% paraformaldehyde in PBS for 1 h. The cells were then permeabilized by the addition of 0.2% Triton X-100 and washed with PBS-NCS. After washing, the cells were strained for the nuclei and analyzed using an immunofluorescence assay as described below.

Infectivity assay. {#s4.9}
------------------

An infectivity assay of the various cell lines was carried out according to methods described previously ([@B41], [@B71], [@B74]) with slight modifications. Briefly, confluent monolayers of cells in 8-well chamber slides were pretreated with various inhibitors or enzymes as described above. Mock or treated cells were infected with EV70, CVB3, or trypsin-pretreated RVAs at a multiplicity of infection (MOI) of 1 FFU/cell, followed by incubation at 37°C for 1 h. The cells were washed three times with PBS, and a maintenance medium was added. Cells were incubated for 15 h (RVAs), 10 h (EV70 J670/71 strain), or 5 h (CVB3 Nancy strain) at 37°C prior to fixing with 80% cold acetone in PBS (pH 7.4) or 4% paraformaldehyde. Cells fixed with paraformaldehyde for detection of the RVA VP6 protein were permeabilized by the addition of 0.2% Triton X-100 in PBS. They were then analyzed using an immunofluorescence assay as described below.

Hemagglutination assay. {#s4.10}
-----------------------

An HA assay was performed using erythrocytes from animals and humans according to methods described previously ([@B24], [@B41]) with slight modifications. Briefly, blood from rabbits, cows, pigs, chickens, and mice was obtained from the College of Veterinary Medicine, Chonnam National University, while adult human blood samples corresponding to the blood types O, A, and B were donated by volunteers (human ABO at Chonnam National University Hospital. Each blood sample was centrifuged for 10 min at 500 × *g*, and 0.5% suspensions of each erythrocyte sample were prepared in PBS (pH 7.2) without Ca^2+^ (Lonza; pH 7.4). Bovine G6P\[5\] WC3, bovine-human mono-reassortant G4P\[5\], GST-VP8\* of RV strains, and GST alone were serially diluted using PBS in V-shape 96-well microtiter plates (Greiner Bio-One) and mixed with an equal volume of each erythrocyte suspension. The suspensions were then incubated at 4°C overnight, and the HA titer was recorded as the highest dilution of sample that resulted in complete HA. The GST-VP8\* of human RVA strain G11P\[25\], known to hemagglutinate type A erythrocytes, was included as a positive control. The assay was also performed with GST alone to rule out false positivity due to the GST tag.

Hemagglutination inhibition assay. {#s4.11}
----------------------------------

To determine the effect of treating erythrocytes with NA on HA, rabbit erythrocytes were treated with Vibrio cholerae NA or with GLA according to methods described previously ([@B24]) with slight modifications. Briefly, 0.5% rabbit erythrocytes in PBS (pH 6.0 or pH 7.4) were treated with NA (0 or 25 mU) for 2 h at 37°C or GLA (50 mU) for 6 h at 37°C. After incubation, the cells were washed, and the HA assay was carried out as described above.

Human jejunal and bovine ileal enteroid cultures. {#s4.12}
-------------------------------------------------

Human intestinal enteroids from a jejunal biopsy sample were kindly provided by M. Estes, (Department of Molecular Virology and Microbiology, Baylor College of Medicine, Houston, TX) and grown as multilobular, three-dimensional (3D) cultures in Matrigel and maintained as described previously ([@B31]). Bovine ileal enteroids from ileal specimens were obtained from colostrum-deprived neonatal calves. The BIEs prepared from the tissue samples were grown as multilobular, 3D cultures in Matrigel and maintained as described previously ([@B31]). To characterize differentiated BIEs, HIEs, and RVA infections, the HIEs and BIEs were grown in 48-well microtiter plates using differentiation medium without Wnt3A, SB202190, and nicotinamide, as well as half the concentration of Noggin and R-spondin, as described previously ([@B31], [@B32]).

To ensure the same viral titer was inoculated into the differentiated HIEs and BIEs, the number of differentiated cells in the HIE and BIE samples was calculated as described previously ([@B31]). To dissociate the HIEs and BIEs into a single-cell suspension, Accutase cell dissociation solution (BD Biosciences) was transferred into each well of a 48-well plate and incubated for 30 min at 37°C; then, the number of cells was counted using a hemocytometer. The MOI of the HIE and BIE samples was calculated as the viral input amount/total number of cells ([@B31]). The total number of cells within a Matrigel plug of HIEs or BIEs ranged between 100,000 and 150,000 or between 200,000 and 250,000, respectively.

Characterization of HIEs and BIEs. {#s4.13}
----------------------------------

To characterize whether HIEs and BIEs were differentiated, hematoxylin and eosin (H&E) staining, PAS straining, and immunohistochemistry (IHC) were performed as described previously ([@B31], [@B32]). Briefly, HIEs and BIEs grown as multilobular, 3D cultures in Matrigel were fixed with 4% paraformaldehyde for 30 min at 4°C, transferred into 2% agarose gel for sectioning, manually processed, and embedded in paraffin. Serial 3-μm sections were used for H&E straining, PAS staining, and IHC.

To characterize the differentiated enteroid cells, deparaffinized and rehydrated serial 3-μm sections were washed with PBS, and then heat-induced antigen retrieval was performed using 10 mM citrate buffer (pH 6.0). Antibodies against sucrose-isomaltase (1:100 dilution), villin (1:100 dilution) for differentiated enterocytes, chromogranin (1:100 dilution) for enteroendocrine cells, mucin 2 (1:500 dilution) for goblet cells, and lysozyme (1:100 dilution) for Paneth cells were added ([@B31], [@B32]). To determine the expression levels of α2,6-linked SAs and αGal in the differentiated HIEs and BIEs, serial 3-μm sections of paraffin embedded HIEs and BIEs were incubated at 4°C overnight with MAbs against α2,6-linked SAs (1:100 dilution) and αGal (1:10 dilution). After two washes with PBS, the cells were incubated with FITC-conjugated secondary antibodies for 1 h at room temperature. To stain the nuclei, chambers were mounted with SlowFade Gold antifade reagent containing 1× DAPI solution (Invitrogen), and cells were examined using confocal microscopy.

Comparison of viral infectivity in HIEs and BIEs. {#s4.14}
-------------------------------------------------

The viral infectivity of both bovine G6P\[5\] WC3 and bovine-human mono-reassortant G4P\[5\] strains in HIEs and BIEs was determined as described previously ([@B31], [@B32]). Briefly, HIEs and BIEs differentiated for 3 to 4 days were harvested by washing with cold CMGF(--), and then equal amounts were transferred into 5-ml round-bottom polystyrene tubes (Falcon, Corning, NY). To enhance the infectivity of RV strains, 10 μg/ml of trypsin was added, and samples were incubated for 30 min at 37°C. MA104 cell lysates were also pretreated with trypsin, serving as mock-treated controls. Both HIEs and BIEs were vigorously pipetted 10 to 20 times with a P200 pipette to disperse them for optimal viral exposure. The HIEs and BIEs were inoculated at an MOI of 1 FFU/ml, and viral adsorption proceeded for 2 h in a complete medium containing 0.2 mg/ml pancreatin (Sigma-Aldrich) without growth factors. The viral inoculum was removed by centrifugation, and then the enteroids were washed, suspended in differentiation medium, and incubated for various periods of time. HIEs and BIEs were fixed and sectioned as described above in order to examine the infected cells using an immunofluorescence assay. Alternatively, HIEs and BIEs were frozen and thawed three times to determine viral genome copy numbers using real-time RT-PCR, or were dispersed into a single-cell suspension as described above, to characterize the infected cells using flow cytometry.

Immunofluorescence assay. {#s4.15}
-------------------------

An immunofluorescence assay was performed as previously reported ([@B31], [@B41], [@B71]), with slight modifications. Briefly, acetone- or paraformaldehyde-fixed cells grown on 8-well chamber slides were washed with PBS. Anti-RV VP6 protein (1:100 dilution), anti-EV70 capsid (1:10 dilution), anti-CVB3 (1:500 dilution), anti-α2,6-SA (1:100 dilution), and anti-αGal (1:5 dilution) MAbs were added. Chamber slides were incubated at 4°C overnight or at 37°C for 1 h; the cells were then washed three times with PBS-NCS, and FITC- or Alexa 594-conjugated secondary antibodies (1:100 dilution) were added. To stain the nuclei, chambers were mounted with SlowFade Gold antifade reagent containing 1× DAPI solution (Invitrogen) or stained with propidium iodide; the cells were then examined using a fluorescent standard or confocal microscopy.

Flow cytometry analysis. {#s4.16}
------------------------

To characterize RVA-infected HIEs or BIEs, flow cytometry analysis was performed as described previously ([@B31]), with slight modifications. Briefly, single-cell suspensions were prepared as described above, fixed with 4% paraformaldehyde, permeabilized with Triton X-100, and incubated for 30 min at 4°C with anti-RV VP6 protein MAb (1:5,000 dilution). Cells were washed with PBS containing 1% FBS and then incubated for 30 min at 4°C with Alexa Fluor 488-conjugated donkey anti-mouse antibody (Invitrogen; 1:2,000 dilution). After further washing with PBS containing 1% FBS, flow cytometry acquisition was performed using a MACSQuant Analyzer 10 (MACS Miltenyi Biotec, North Rhine-Westphalia, Germany), and data were analyzed using FlowLogic software (Inivia Technologies, Victoria, Australia). The single-cell population was gated by doublet discrimination, and 10,000 events were evaluated.

Real-time RT-PCR. {#s4.17}
-----------------

To quantify the genome copy number of RVAs, real-time RT-PCR was carried out as described previously ([@B42], [@B74]), with some minor modifications. Briefly, total RNA was extracted from the lysates of HIEs and BIEs as described above, using the QIAmp Viral RNA minikit (Qiagen) according to the manufacturer's instructions. The viral genome copy number was determined using one-step SYBR green real-time RT-PCR with primer pairs specific for the RVA VP6 gene as described previously ([@B42], [@B74]). The total volume of each reaction mixture was 20 μl, containing 4 μl of RNA template (1 μg), 10 μl of SensiFast SYBR Lo-ROX One-Step mixture (Bioline, Quantace, London, UK), 0.8 μl each of forward and reverse primers (10 μM), 0.2 μl of reverse transcriptase (Bioline), 0.4 μl of RiboSafe RNase inhibitor (Bioline), and 3.8 μl of RNase-free water. Real-time RT-PCR was performed using a rotor-gene real-time amplification system (Corbett Research, Mortlake, Australia) under the following conditions: reverse transcription at 50°C for 30 min, activation of the hot-start DNA polymerase at 95°C for 10 min, followed by 40 three-step cycles of 95°C for 15 s, 50°C for 30 s, and 72°C for 20 s. Viral RNA was quantified using the standard curve of serial 10-fold dilutions of the cRNA generated by reverse transcription of the *in vitro*-transcribed control RNA (RVA VP6 gene). The threshold was automatically defined in the initial exponential phase to reflect the highest amplification rate. The direct relationship between cycle number and the log concentration of RNA molecules initially present in the RT-qPCR reaction was used to calibrate the crossing points of the amplification curves for the samples.

Immunohistochemistry. {#s4.18}
---------------------

Frozen human duodenal tissue sections were obtained from OriGene Technologies (Rockville, MD). To determine the expression levels of α2,6-linked SA in the human small intestine and in the RVA-infected cells of the differentiated HIEs and BIEs, immunohistochemistry was performed as described previously ([@B23], [@B29]), with slight modifications. Briefly, either the human intestinal tissue sections fixed with 10% formalin or the HIE and BIE sections prepared as described above were washed three times with PBS. Blocking was performed using PBS containing 1% BSA for 30 min at room temperature; blocking buffer was also used as a diluent. Unless otherwise indicated, the following steps were performed at room temperature, with an incubation time of 1 h, and three PBS washes were performed between each step. Human intestinal tissue sections were stained for α2,6-SAs using biotinylated SNL (10 μg/ml), followed by DyLight 488-conjugated streptavidin. HIE and BIE sections were stained using an anti-RV VP6 protein MAb (1:100 dilution), followed by Alexa Fluor 488-conjugated donkey anti-mouse antibody (Invitrogen). Cell nuclei were stained with DAPI. To control the sialic acid dependence of the labeling, tissue sections were pretreated with 500 U of neuraminidase (New England Biolabs) for 4 h at 37°C. Positive control sections without NA treatment were preincubated with the manufacturer's enzyme buffer only; the protocol described above was then performed. After a final wash with distilled water, coverslips were mounted on glass slides with Prolong gold antifade mountant (Thermo Fisher Scientific), and the slides were analyzed using a Nikon A1 RSI confocal microscope or LSM 510 confocal microscope.

Statistical analysis. {#s4.19}
---------------------

Statistical analyses were performed using GraphPad Prism 5.03 (USA). A one-way analysis of variance was used to determine the statistical significance (*P* \< 0.05).

Ethical statements. {#s4.20}
-------------------

All animals were handled in strict accordance with good animal practices, as described in the NIH Guide for the Care and Use of Laboratory Animals (NIH Publication 85-23, 1985, revised 1996). The protocols for collecting bovine, porcine, chicken, rabbit, and mouse blood samples, for collecting bovine and porcine saliva samples, and for generating bovine enteroids were approved by the Committee on Ethics of Animal Experiments, Chonnam National University (CNU), with permit numbers CNU IACUC-YB-2016-13, CNU 2012-87, and CNU IACUC-YB-2016-65. The human blood and saliva samples were collected with written consent from the donors, while the human enteroids, kindly provided by M. Estes (Department of Molecular Virology and Microbiology, Baylor College of Medicine, Houston, TX), were handled in strict accordance with sampling of human subjects, as described in the Guidance for the Care and Use of Human Samples of CNU, which adheres to the WMA Declaration of Helsinki (Ethical Principles for Medical Research Involving Human Subjects). Protocols were approved by the Committee for Research Ethics Concerning Human Subjects, CNU, with permit numbers CNU IBR 1040198-130807-BR-002-01 and CNU IBR 1040198-170120-BR-002-01. The human duodenal frozen tissue sections obtained from OriGene Technologies were handled in strict accordance with sampling of human subjects, as described in the Guidance for the Care and Use of Human Samples of the Université de Nantes which adheres to the WMA Declaration of Helsinki (Ethical Principles for Medical Research Involving Human Subjects).
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